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TECENICAL NOTE NO. 1521

FULL—-SCALE INVESTIGATION OF THE BLADE MOTION
OF THE PV—2 HELICOPTER ROTOR

By Eugene Migotsky
SUMMARY

An experimental Investlgation of the PV-=2 helicopter rotor has been
conducted at the Langley Laboratory of the Natlonal Advisory Committee
for Aeronsutlics to determine the basic performence characteristics of a
Pully articulated -rotor. Results are presented of the blade-motion
observations at the 0.75—radius station for a limlted range of filght
conditions. The flappling and feathering motions of the rotor blade have
been presented as the variation of the harmonic coefficlents of these
motions with mean pitch angle and tip—speed ratio for a series of rotor
shaft—engle settings. The results have also been summarized in a conven—
ient set of charts from which the flapping and the feathering motions of
such a rotor may be obtained rapldly for the range of conditions covered
in these tests. In addlition, the date have been compered with the blade
motions predicted from theoretical studies. .

For the range of these 'bests the magnitude of the measured flapping

_ motion 1s smell (less than 1°) when the rotor is trimmed sbout a point

on the shaft approximately 1/3 radius below the flapping hinge. The
second harmonics of the flapping motion are very small, less than 0.25°.
Both the lateral and longltudinal components of the feathering increase
in magnitude wlth tip—speed ratlo and thrust coefflcient. Within the
range of these tests, relatively large errors that were found to occur
in determining the resultant force vector appear to give only secondary
errors in the determination of the blade-motion coefficients (useful
drag-11ft ratio (D/L), between 0.0k a.n:l 0.2).

The method of calculating blade motions presented in NACA Report
No. 716 is based on the assumption of uniform inflow across the rotor
digk., This method was found to predict the coning angle and the longl-—
tudinal component of the equivalent flapping to an accuracy of about O. 5°.
This method gave values of the lateral component of equivalent flapping
about 1°-to 1.5° emaller than the experimental values,although the trends
of the calculated curves plotted against tip—speed ratio and thrust coef-—
Ticient were similar, The use of an iInflow that increases linearly from
the front to the rear of the rotor, as calculated in NACA ARR No. 15ElO,
accounts for gbout one—half the difference between the data and the uniform
inflow calculations.

L
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INTRODUCTION

An experimental Investigation of the PV-2 hellcopter rotor has been
conducted at the Langley full—scale tumnel to determine the baslc perform—
ance characteristics of a fully articulated rotor. The investigation was
Intended to provide large—scale data which would be uged to determine the
valldity of existing theory and which would aid In making rational evalua—
tions of proposed hellcopter designs. )

In sddition to measurements of the rotor forces and power input to
the rotor, photographic observations of the blade motions were made during
these tegts. Statlc—thrust and forward-flight data were obtained, the
latter being measured at tlp-speed ratlos ranging from approximately 0.1
to 0.2. Inasmuch as vibrational difficulties were encountered at the
design rotor speed, i1t was necessary to conduct the tests at reduced
rotational speeds and the tests were, in effect, about two-thirds of full

scale.

The results of the statlic—thrust and forward-flight force—test date,
together with a comparison with theoretical predictions, have been pre—
gsented In reference 1. The present paper contalns the results of the
fosward—Flight blade~motion observations,

The blade—flapping and blade—feathering motions are given for the
0.75-radlus station. For a few high~tip—speed-ratio conditions, the blade
twiet was aleo checked. - The results are pregented as the variatlon of
the harmonic coefflclents of the blade motiones with tip—speed ratlo, mesan
pitch angle, and rotor shaft—engle setting. This presentation of the
blade—motion data is essentlally the sams ag that of the force~test datae
in reference 1. In addition, the blade-motion coefficients are presented
as Punctions of thrust coeffliclient and useful drag-lift ratio.

A comparison 1s made between these data and the theoreticel blade
motlions calculated by the method of reference 2, which assumss a wniform

inflow over the rotor digk. In addition, the data are compared with
theoretical calculstions based on the nonuniform inflow of reference 3.

SYMBCLS

R rotor—blade redius, feet
r blade—element radlus, feet:
b number of blades

c blade chord of wmtapered part, feeb
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rotor solldity (%

angular velocity, radians per second

forward velocity, feet per second
tip—speed ratio <v—;;—s—g’- with cos o asgsumed equal to 1.0)

ratlo of axial-flow veloclty to rotor-blade tip speed
alr density, slugs per cubic foot

mags moment of inertia of rotor blade aboubt flapping hinge,
slug—fee'l:2 :

glope of curve of 1ift coefficient egainst anglie of attack of
blade airfoll section, radian measure

e
mass constant of one rotor blade (c;aR )
1

tip—lose factor (blade elements outboard of BR are assumed to
have drag but no 1ift)

rotor thrust, pounds

T

thrust coefficlent (———5—2-
p(QR) "R
rotor 1lift, pounds

useful drag—1ift ratio, ratio of rotor resultant force along
fiight path to rotor 1lift

Paraglte drag
1
Sev®

equivalent flat—plate drag area, square feet <

blade azimuth engle measured from downwind poesition In direc—
tlon of rotatlon, degrees

wolght moment of blade ebout flapping hinge, pound—feet
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B equivalent blade flappling angle; measured from plane perpendicular
to zero—feathering axis, degrees; approximated by following
e expresslon:.

B=ay;—a cos ¥ =D>y sin ¥ — ap cos 2§ — by sin 2¥

Bs measured blade fleppling angle; measured from plane perpendlicular
to shaft axls, degrees; approximated by following expression:

Pg = a0g — @15 cos ¥ — by, sin¥ —ap_ cos 2k — bp, sin 2¥

- |
e messured pltch angle of zero—lift line; measured from'plane per—
pendicular to shaft exis, degrees; epproximated by!following
expresslon for feathering motlon:

= Apg + A1 cos ¥ + By sin ¥

lod angle of attack of zero—festhering axis, acute angle between
direction of alr flow and plane perpendiculsr to zero—feathering
axls, negative when Inclined forward, degrees

a, angle of attack of shaft exis, acute angle between dlrection of
alr flow and plane perpendicular to shaft axis, negative when
inclined forward, degrees

Sgim rotor shaft-engle setting; angle of sitack of rotor shaft uncor-
rected for Jet—boundary effect, degrees

constant term in Fourier series that expresses B (radians);
hence, the rotor coning angle

an coefficlient—of cos n¥ In expression for B

coefficient of sin n¥ 1iIn expression for B
APPARATUS AND TESTS

The PV—2 rotor tested was 25 feet 1n dismeter and had three blades
constructed of wood and fabric. The blades were of NACA 0012.6 section,
wore not—twlsted, and had no taper except for cut—~outs at the inboard
end. Pertlnent characteristics of the blades are given 1in figure 1. The
nmess characteristics of the blades were determined by weighing and swinging
the blades. The rotor wes designed to operate at a thrust coefficilent
of 0.00364k (gross whight of 1000 1b at 371 rpm).

The PV—2 rotor had hinges which permitted the blédes tb oscillate in
the plane of rotation (dragging) as well as normsl to the plane of rotation
(flapping). Variation of blade pitch angle was obtained by means of a
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moveble-bearing mechanism; moving the bearing parasllel to the shaft
changed the mean pltch angle of the blades, and tilting the bearlng with
regpect to the shaft provided cyclic varistion of pltch angle with azimuth
angle. The rotor was provided with hydraulic dampers which helped to

damp the blade dragging motion. In addltion, rubber restrasliners were
uged to restrict elastically the blade flappling and blade dragging motions.
These restralners were relatively soft; for example, when e blade was at
its maximum flapping angle, the bending moment imposed on the spar was
numerically equal to the statlc—relght moment of the blade., Furthermore,
the flappling restrainers were adjusted to exert no force on the blades

in normel hovering flight.

A photograph of the PV-2 helicopter rotor mounted iIn the Langley full-—
gscale tunnel 1s shown in figure 2. The rotor hub was located approxi-
mately on the center line of the Jet and about 20 feet from the entrance
cone, A description of the support system, balances, and Instrumentatlon
relating to the measurement of forces and power is given in reference 1.

A photographic system was used to record the blaede motions. Grain—
of-wheat bulbs were installed at the 0.45-radius, 0,75—radius, and
0.95—radlus gtations on the leading and tralling edges of one of the
blades. A motor—driven 35-millimeter motlon—pilcture camera, mounted on
the rotor hub and rotating with it, recorded the blade motions. A photo—
graph of this setup 1s shown in figure 3. The camera on the rotor hub
also photogrephed lights located on the test chamber wall at known azimuth
angles; nemely, the 260°, 270°, and the 280° azimuth positions for the
rotor—shaft axls perpendicular to the tunnel axls. The use of three sets
of lights at 10° intervals assured that at least one set would be photo—
graphed during each revolution for the field of view of the lens, the
camers speed, and the rotor speeds used 1n these tests. The azimuth
angles for frames which did not photograph the wall lights (about 8 or
9 frames psr revolution) were found by assuming that the rotor speed and
cemera speed were constant durlng the revolution. It is belleved thatb,
wlth this system of recording the blade motions, the azimuth angles were
determined within +5°, the flapping angles within $0.15°, and the pitch
angles within +0.30°.. .

-

The tests were conducted under conditlons corresponding to trim
(zero moment) about a representative center—of—gravity locatlon, which

in this case was taken to be on the shaft axis and h?% inches below the

flapping hinge. All records of the blade motions were taken simulta—
neously wlth the force—test data. The measurements were made at several

rotor speeds, tip—speed retios, and rotor—shafi—engle settings.

As a result of vibration difficulties (described in reference 1)
the maximum rotor speed for the dets presented in this paper is 280 rpm.
The data obtained at the reduced rotor speeds correspond, in effect, to
those of a rotor tested at about two—thirds of full scale. The lowest
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tip-gpeed ratlic, determined by the minimum value of steady air-stream
voloclity in the wind tummel, was about 0.11 for the rotor speeds
attalnable; the maxlimum value was ebout 0.23.

RESULTS AND DISCUSSION

Measured Results

The flapping and pltch angles measured with respect—to a plane per—
pendicular to the shaft exls were filrst plotted against azlmuth angle for
sach test condition. Figure L4 shows a typical plot of this form for one
value of tip—speed ratio, rotor shaft-angle setting, and mean pitch angle.
The harmonic coefflclents of these curves were obtained by means of
l2~point harmonic anelyses and the variations of these coefficlents with
mean pltch angle, tip—speed ratlo, and rotor—ghaft—engle setting are
pregented. Only the motion of the 0.75——radius statlion 1g glven. The
blade twlst was checked for a few of -the higher tlp—speed ratio condi-—
tlons bubt, wilthin the accuracy of the pltch-engle measurements, no twist
wag found and the motlon of the O0.75—radlus station is conslidered to be
typical of the entire blade. T }

In addlitlion to the measured blade motions, the coefficients of the
equlvalent flapping meagured wlith respect to the plane psrpendicular to
the zero Peathering axis are presented. ILocke (reference 4) showed, by
referring the blade motlon to the plane of the blade tips, that the
flapping rotor with no cyclic pitch ls identical to a feathering or
nonflapplng rotor, having the exls of rotation inclined at an angle ay

to the shaft axls of the flapping rotor. This analysis cen be extended
to rotors which have various comblnations of flepping and feathering and
guch rotors can be regarded as elther equivalent nonfeathering or non—
flapping rotors., Inesmuch as exlsting rotor theory has bsen developed
in general for a nonfeathering rotor, 1t ls convenlent to vlew the rotor
tested as such by converting the feathering into flapping and by con—
gidering the equivalent flapping motion measured with respect to the
plane perpendicular to the zero feathering axis. For the rotor in which
the feathering is s simple harmonic function of azlwmuth angle and the
plade motions about the shaft axls are approximated by the expressions
listed 1n the aymbols, the conversion formuwlas are as follows:

a) = a), —'Bls
bl = blS + Als
o =

as + Bls
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The coning angle a0 and the second harmonics of the flapping angles 8oy
and bo, remain unchanged.

The presentation of the blade—motion coefficients follows essentlally
elong the same lines as that of the force—test paramesters 1in reference 1.
The coefficlents of the equivalent flapping as well as the measured blade
motion were flrst plotted against the mean pitch angle for different tlp—
speed ratios at fixed rotor shaft-angle settings. Flgures 5 to T show
these coefficlents plotted in this manner for a sample robtor shaft-angle
setting of —5.5° and give an indication of the scatter in the dste.
Although the second harmonics of the feathering were computed from the
12—point harmonic analyses, thelr megnitudes were less than the accuracy

and, consequently, they have been omitted.

From the plots of the blede-motion coefficients agalnst Ap, cross
plots were made to obtain the variation of these coefficients with p
Tor fixed values of Ap and agp; these variations are presented in

figure 8 for the sample rotor-shaft-angle setting of —5.5°. The sscond
harmonics of the measured flapping motlons are independent of tip—speed
ratio and of rotor shaft—engle sgetting within the accuracy of these
tests and, consequently, were not cross-plotted.

In figures 9 to 1l the paramsters Ap and Cgm have been replaced

with the more significent paremeters (D/L),, and OCp. The blade—motion
coefficients in these charts have been plotted against (D/L), for

thrust coefficients of 0.00268, 0,00364, and 0.00446 which, in the case
of the PV-2 rotor, correspond to disk loadings of 1.50, 2.04, and 2,50,
regpectively, and are given for flve values of p ranging from 0.12

to 0.20. With the charts of figures 9 to 11 the blade motion of a rotor
cen be estimated directly for the range of condltlions represented in the
charts if only Cp and (D/L),, are known.

Thess charts, which show the blade-motlon coefficients as functlions
of (D/L)y, were obtained by determining the values of Ag and (D/L),

corresponding to each combination of Cm, p, and Qg from figure 13
of reference 1. The values of the blade—motion coefficients corresponding
to these values of Ay were then obtalned from charts similar to those

of figure 8, which cover the range of shaft angles for the desired values
of Cp, u, and oagp, and the blade—motlion coefficlents were plotted

against (D/L)u. Because of the scabtter in the data and the limlted

number of rotor-shaft—engie settings at which date were avallable,
straight lines were faired through all the values thus cbtained.

These charts show that relatively large errors in determining (D/L),
will résult In only secondary errors in the determination of the flepping
and feathering coefficients within the range of these tests ((D/L),

between 0.0k and 0.2).
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For dlrect applicaetlon to the PV—2 helicopter, a further set of
curves is presented in figure 12 in which (D/L), has been assumed to

correspond at every point to level unaccelerated flight—of a helicopter
having an equivalent flat=plate area f of 7 square feet (the value
assumed in reference 1l). The variations of the measured blade—motion
coefficlents with tip—speed retlo are shown in this figure for the three
values of thrust coefficient chosen., The variations with tip—speed retio
of the equivalent flapplng coefficilents are given in figure 13 for the
seme thrust coefficlents. For Cgp = 0.00446 the coefficients were
obtained by extrapolating the curves to very small positive values

of (D/L),. The variations of the first harmonice of the flapping and

feathering motlona with thrust coefficlent are glven in figures 14 and 15
for two values of tlip-—speed ratlo.

Figures 12 to 15 gshow that the measured flapping is small, less
than l°, for the rotor that 1ls feathered to trim about a point below the
rotor head and on the axls of rotation. The lateral flapping blg is

very small and increases with Cp, but ls practlically independent of u;
the longltudinal flapping alg Increases almost linearly with g and

1y essentially independent of Cgp. The coning angle 80g varies only
slightly with p, but lncreases with Cg since the ratio of blade

thrust to blade centrlfugal force increases. The second harmonics of
the flepping motion, in all cases, are very small, being less than 0,.25°.

Both components of feathering, or cyclic pitch, required to trim the
rotor about a typlcal center—of—gravity locatlion increase 1n magnitude
with p eand Cp. Consequently, in order to change the forward speed of

a machine equipped with this rotor and operating at constant thrust coef-—
ficlent and robtor speed, lateral as well as longltudinal control must be
applied. ;

Comperison wlth Theory
Also Inciuded in figures 12 to 15 are the theoretlical flapping coef—

ficients as calculated by the method of reference 2 for a nonfeathering
rotor having the following characteristics:

o = 0.0605 .
a = 5.56 per radian
» = 10.16
M, = 95.8 pound—feet
T] = 25.1h slug—Ffeet®

28.25 radians per second

B =0.97
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The theoretical and experlmental second harmonics, as shown in
figure 12, are small and the agreement 1s reasonable. Whereas the pre—
dicted value of 8oy 1s slightly lower than the expsrimental valus

obtained in these tests, the difference ls wlthln the accuracy with
which the feathering coefficients could be determined and the second
harmonics of feathering would be expected to modify the second harmonic

flepping.

The conling angle eap and the longitudinal component of the flapping
about the zero feathering axis a; are predicted to an accuracy of
about 0.5o by the method of reference 2. In both cases the theoretical
values are somewhat higher than the experimental values, the difference
between the theoreticel and experimentel coning engles being the larger.
This difference can also be seen in figure 16 in which the theoretical
and experimental coefficients of the flapplng about the zero feathering
axis are plotted agalnst the angle of attack of the zero feathering axis
for Cp = 0.00364 and p = 0.18, It should be noted that the differences

between the theoretical and experimental veriations of the coefficients
with angle of attack are wlthin the accuracy of the measurements. The
difference between the conlng angles indicates that elther the radial
position of the blade thrust is inboard of the value calculated from the
theory of refersnce 2 or the tip losses are greater than assumed.

The theoretical values of the lateral component of the equivalent
flapping by are found to be about 1.0° to 1.5° smaller than the values

obtained in these tests. The theoretlcel and experimental varlations
of by with p and Cp, however, are ln good agreement. It was shown

in reference 5 that for the autoglro a similar difference exigts between
datg &nd theoretical predictions based on a uniform inflow over the entire
rotor dlsk and that the calculated value of by is critically dependent

upon’the longltudinal varlation of the induced velocity. In addlition,
it was ghown in reference 5 that, 1f there lg added to the originally
assumed uniform induced velocity v ean additional veloclty vy of the

form

v, = Kv % cos ¥ (1)

whero K 1is the ratio of vy to v when ¥ =0° and r =R, s0 that
the total induced veloclty becomes

vi=v+ vy (2)
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then the change in by can be written as

XBZCq

2<B.2"+ %uz) (ue + )\.2)1/2

In reference 5, however, no means was glven for calculating the
factor K. In reference 3 the induced wvelociiy 1ls calculated for a
rotor by assuming a simplifiled vortex system in the wake of the rotor,
An approximetion to the exact soclution was taken in reference 3 to be of
the form of equations (1) and (2).

Aby = (3)

By use of the values of X determined in this manner, the value
of Ab; was found. The values of by obtained from this nonuniform
inflow theory are plotted in figures 13 and 15; the agrsement with the
date 1s closer than that obtalned with the uniform—inflow-theory calcula—
tions. The calculated change in b, however, is of sufficlient magnitude
to account for slightly less than half the dlfference between the data
and the constant inflow calculations, which suggests that the longltudinal
varlation of the inflow through the rotor tested was larger then that
caelculated by elther method.

A study, based on the methode and results of references 6 and 7, was
nade to estimate the effects of the longitudinal variation of Jet—boundary
correctiods on the blaede motion of the rotor. This anslysls indicated
that while some longltudinal varisation of the induced velocities due to
the Jet existed, the magnlitude of this variation was too small to account
for any significant part of the differences between the experimental
values of b; and the values calculated by using the linear nonuniform
inflow obtained from reference 3. The dlfference between the data and
the nonuniform theory 1s probably due to the simplifying assumptions
mede in reference 3. ’ ’

CONCTUSIONS

The flapping and feathering motlons of the 0.75—radlus station have
been obtained experimentally for the PV—2 helicopter rotor over a range .
of forwerd—flight conditions with the rofor trimmed ebout a representative
center—of—gravity location. The regults have been presented in a con—
venient set of charts from which the blade motioms of such a rotor can
be obteined. These results indicate the following:

1, The magnitude of the measured flapping motion 1s emall, less
then 1°, for a rotor that 1s trimmed about & point on the shaeft and
below the rotor head. The second harmonics of the flepping motion are
very amall, less than 0.2502 which is In accord wlth the theoretical
predictions. ’ :
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2. Both the lateral and longitudinal components of the feathering
requlred to.trim the rotor increase in magnitude with tip-—speed ratio
and thrust coefficient.

‘3. Relatively large errors in determining useful drag—lift _
ratio (D/L), resulted in only secondary errors in the determination

of the blade—motion coefficlents within the range of these tests
((D/L)u between 0.0k and 0.2).

L, The theory based on the assumption of uniform inflow velocity
across the rotor disk predicts the coning angle ay and the longitudinal

component of the equivalent flapping a; to an accuracy of about 0.5°,

5. Theoretical caelculations, based on the assumption of uniform
inflow, are found to be approximately 1.0° to 1.5° smaller then the
experimental values of the lateral component of equivalent flapping b,.

The theoretical and experimental variations of by with tip—-speed ratio

and thrust coefficilent, however, are in good agreement. The use of an

iInflow that increases linearly from the front to the rear of the rotor

accounts for epproximately one-half the difference between the data and
the values obtained by the uniform—inflow theory.

Langley Memoriel Aesronautical ILaborstory
National Advisory Committee for Aeronautics
Lengley Field, Va., September 2, 1947
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Figure 2.~ General view of PV-2 helicopter rotor mounted in Langley full-scale funnel.
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Figure 3.- Camera mounted on rotor hub.
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Figure 12.- Blade-motion coefficients as functions of tip-speed ratio.
PV-2 helicopter rotor; f = 7 square feet,
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Figure 12.- Continued.
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